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FOREWARD 

The research presented here was performed for the Astrionics Laboratory 
of the George C. Marshall Space Flight Center, Huntsville, Alabama. 
contents represent work done to date on NASA Contract NAS8-20358 and fulfills 
the contractural obligation of a midterm progress report. 

Contract NAS8-20358 is devoted primarily toward research into the feasibility 
of using thrust agumented maneuvers on a swing-by interplanetary mission. 
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SECTION 1 

INTRODUCTION 

This document describes the results obtained to date on the investigation 

of Thrust Augmented Swing-by Interplanetary Missions. 

to be interpreted as fulfilling the contractual obligation on this study but 
rather as a mid-term progress report. 

The contents are not 

Emphasis, in this report, has been placed on the capability generated 
An example case and currently being used to obtain results in the study. 

is presented (A Launch from Mars on March 2, 1978) in terms of program 
output and Stromberg-Carlson plots (i.e.* SC-4020 output). 

conclusions and discussion of the work to be performed during the remainder 
of the contract are also included. Future work areas are indicated. 

Tentative 
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SECTION 2 

STUDY OBJECTIVES 

The primary objective of the study is  t o  access the influence of thrust  

augmented maneuvers on; t o t a l  mission t i m e ,  mission charac te r i s t ic  veloci ty .  

Earth-entry veloci ty ,  Mars departure veloci ty ,  and payload on o rb i t  a t  Mars. 
Should thrust  augmented maneuvers alter any of the above mentioned mission 

charac te r i s t ics  i n  a favorable manner and by a "sufficient" amount; the 

thrus t  augmented maneuvers would be deemed feasible  for  interplanetary 

swing-by missions. The i n i t i a l  basis fo r  comparison of power ass i s ted  

swing-by t r a j ec to r i e s  w i l l  be that of the gravity ass i s ted  maneuver only 

( i .e .  pure swing-by). Another basis of comparison w i l l  be the d i rec t  re turn  

mission; tha t  i s ,  re turn t o  Earth d i rec t ly  from Mars. Only a limited amount 

of ccmparison has been accomplished on the l a t t e r  basis.  

as one t o  complete i n  the Phase I1 e f f o r t  of the contract .  

This task  remains 

Another objective and remaining t a s k  is  t o  combine or place i n t o  an 

acceptable format the information generated on power ass i s ted  swing-bys. 

The chosen format ;;lust 2lsc tie t_ogether both aspects of the e n t i r e  mission: 

the Earth t o  Mars phase and the Mars t o  Earth phase. 
f o r  char t  arrangement would have Mars a r r i v a l  or departure data on the absissa 

and the magnitude of the charac te r i s t ic  veloci ty  required (each phase of 

the mission) on the ordinate. In such a format, the s t ay  t i m e  i n  park o rb i t  

a t  Mars would be the var iable  tying together the most favorable Earth t o  

Mars and Mars-Venus-Earth "legs". 
following section. 

One possible format 

More is  said of t h i s  subject i n  the 
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SECTION 3 

STUDY CONSTRAINTS AND GUIDELINES 

I n  order t o  derive usable information from the study, the swing-by 

leg on the return mission must be matched with the outbound leg i n  such a 

manner tha t  the performance indices selected fo r  weighting desirable  missions 

reflect  the appropriate penalty incurred over the e n t i r e  mission. 

penalty could be any number of functions of fue l  expenditure, payload a t  
Mars, weight on return t o  Earth, Earth entry veloci ty ,  e tc .  The perfor- 

mance index chosen for  the study w i l l  be discussed later. 

The 

Useful information is a l so  a function of the parameters or  the model 

considered t o  adequately define the physical system. 

The parameters considered i n  the study can be stmrmarized as 

1. AV- 

2. LD+ 

3. T1 

4. hd 

5 .  e 

6 .  i 

7. AVAd 

8. T 

9. A?w 

10. TP 

Launch veloci ty  (i .e. ,  launch out of a184 Km geocentric 

o r b i t ) ,  

Launch date  (i .e. ,  date of launch out of geocentric park 

o rb i t ) .  

Flight time - leg 1 (time of f l i g h t  fromEarth park orb i t  
departure t o  Mars park orb i t  inject ion) .  

Park orb i t  Alti tude (park o rb i t  a l t i t u d e  a t  Mars). 

Park orb i t  eccentricity.  

Park o rb i t  orientation. 

Park o rb i t  injection veloci ty  ( inject ion veloci ty  required 

t o  enter  i n t o  park orb i t  a t  Mars). 

Stay t i m e  i n  park orb i t  at Mars. 

Departure Maneuver (maneuver out of park o rb i t  a t  Mars). 

Flight  time on second leg (time from park o rb i t  departure 
a t  Mars t o  Venus encounter). 

3- 1 
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Flight  t i m e  on th i rd  leg ( t i m e  from Venus encounter 

t o  park o rb i t  in jec t ion ,  

Tg T -T F 2  

Total  f l i g h t  time on legs 1 and 2. 

AV Maneuver required a t  Venus. 

Closest Approach Distance t o  Venus. 

Velocity increment required t o  c i rcu lar ize  a t  Earth return.  

Park o rb i t  a l t i t ude  a t  Earth. 

Park o rb i t  eccentr ic i ty  at Earth. 

The list of t o t a l  parameters can be shortened by constraining the 

study t o  the following spec ia l  cases (parameter constraints) .  

i Park o rb i t  a l t i t ude  a t  Mars equals a constant (i.e., 
hd ,h 100 Km). 

ii Closest approach radius a t  Venus greater  than or 

equal t o  a constant (i.e., a grazing t ra jec tory  

qo = 6050 Km). 

Circular park orb i t  at both dapartura a ~ . d  Earth re turn  

(i .e. ,  hQ - 184 Km). 

the  vehicle w a s  assumed t o  perform a d i r e c t  entry.  

iii 

For aerodynamic braking maneuvers, 

The list of parameter constraints  w i l l  increase as the performance 

indices are defined. The performance indices considered are : 

1. min [AfQl 
2. min [A% + A V ~ ~ ]  

1 3. min [AV,+ A V ~  + hvA@2 . 

3- 2 
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The f i r s t  performance index w i l l  be investigated t o  determine the nature 

of theminimum,if one ex i s t s  Over the range of var iables  considered. 

second and third index w i l l  be investigated, taking i n t o  account the magni- 

tudes of AVDd and AVAe associated with each minimum. 

be weighted according t o  the magnitude of the thrust ing maneuver a t  

Venus. 

The 

(That is, they w i l l  

More of the parameters may b e  eliminated from the or ig ina l  list i f  

some basic  def ini t ions of what the performance indices inply a re  discussed 

and accepted. 

For example, should the park orbi t  time a t  Mars be taken as a specified 

cons t ra in t ,  then the inject ion and departure maneuvers may be computed a s  

coplanar veloci ty  adjustments. 

departure date  from Mars is fixed, and as a re su l t ,  

formance index evaluation. 
index w i l l  automatically specify the departure asymptote and, together 

with the already defined approach asymptote, the park o rb i t  or ientat ion 

required a t  Mars may be established. 

a coplanar AVdinto and out of the park o rb i t  a t  Mars is a va l id  var iable  

fo r  use i n  the performance index. Parameters (S) ,  (6) and the or ientat ion 
portion of (9) are  eliminated fromthe study. 

This is a val id  assumption as now the 

is a constant i n  the per- 
Therefore, a t ra jectory sa t i s fy ing  the performance 

As a r e s u l t ,  i t  may be concluded tha t  

I n  summary then, AVm, D@, TI, AVAd, bVDd, T2, T3, A b  T,  and AVAFp 

are the remaining parameters available f o r  describing the r e su l t s  of the 

study. Notice that not a l l  these parameters are independent. 
dent parameters or  variables available fo r  manipulation are: 

The indepen- 

1. I.De Launch date when mission is  in i t i a t ed .  

2. T1 Fl ight  time on f i r s t  leg of mission. 

3.  T Stay time i n  Martian park orb i t .  

4. T2 Fl ight  t i m e  on second leg  of mission. 

5 .  T3 Pl ight  time on third leg  of mission. 

3-3 
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Only power ass i s ted  Venus swing-by missions with dwell times a t  Mars 

w i l l  be studied. 

swing-by of that planet. 

Zero dwell t i m e  a t  Mars corresponds t o  a power ass i s ted  

The constraints  on the study and resu l t ing  set of independent variables 

leadsto a parti t ioned study; tha t  i s ,  the overal l  study w i l l  be broken i n t o  two 

separate studies.  

var iables  LD@ and TI. 

ables  % T2, and Tg for  a given Mars a r r i v a l  date. 

one of the parameters described i n  the r e su l t s  of study number one. 

Study number one w i l l  be characterized by the independent 

The second study w i l l  be investigated v i a  the var i -  

Mars a r r i v a l  date being 

The pr incipal  e f f o r t  w i l l  be i n  the area of study number (2) ;  tha t  i s ,  

a powered flyby of Venus. 

function of the parameter LD 
The variables T and T3 w i l l  be varied as a 2 

(%.e., departure date  from Mars). d 

LDb = ADd + T 

where 

ADd = a r r i v a l  date a t  Mars. 

Study number (1) has been investigated i n  great  de t a i l  by numerous 

Philco has a l s o  done an appreciable amount of work i n  t h i s  individuals. 

area. 

i n  conjunction with those t o  be generated from t h e  present study t o  display 

i n  graphical form, the overal l  mission savings i n  t o t a l  hV required. 
Final  conclusions w i l l  be drawn from a d i r ec t  analogy of the powered flyby 

with the unpowered or  gravi ty  ass is ted flyby. 

r e s u l t s  w i l l  be compatible with the presently accepted format fo r  gravi ty  

ass i s ted  flybys. That is, the resu l t s ,  i f  possible,  w i l l  be presented as 

an extension of the conclusions for unpowered flybys. 

Results already generated from th i s  phase of the study w i l l  be used 

Presentation of the 

3-4 
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SECTION 4 

PROGRAM DESCRIPTION AND CAPABILITIES 

I n  order t o  obtain the parametric da ta  required f o r  analysis of the 

problem, i t  becomes necessary to  construct a program capable of rapid 

analysis of swing-by missions. As a r e s u l t ,  a FORTRAN IV Program was 
wri t ten fo r  t h i s  exp l i c i t  purpose and i t s  output combined with the Strom- 

berg-Carlson 4020 plo t te r .  The added capabi l i ty  of automatic p lo t t ing  

fur ther  increased the rapidi ty  with which useful swing-by mission data  

could be generated and analyzed. 

of the basic program. 

from the launch t o  the target  body as the independent parameter and f l i g h t  

time from the launch t o  the intermediate body a s  a secondary parameter. 

The role of these two variables may be reversed i n  p lo t t ing  the output. 

As can be seen from the flow diagram, the program i s  capable of producing 

e i the r  parametric data  or data associated with the minimization of zero 

search of a given function of f l i gh t  time from launch t o  target  body. 

date the only function minimized has been the thrust  augmented maneuver 

by Venus. More w i l l  be said of t h i s  later. It is  planned i n  future  weeks 

t o  t r y  t o  minimize weight required on o rb i t  a t  Mars and compare the character- 

i s t i c s  of these solutions t o  those fo r  minimizing the thrust-augmented man- 

euver by Venus. 

Figure 1 is  an information flow diagram 

The program is constructed t o  u t i l i z e  f l i g h t  time 

To 

Is, of the engine w i l l  be a parameter of the study. 

The mathematical model defining the system assumes massless planets 

when computing the hel iocentr ic  portion of the t r a j ec to r i e s .  

the conic sections over heliocentric space are defined by the radius vectors 

t o  both the launch and ta rge t  bodies and the desired f l i g h t  time between 

them. 

these assumptions, is described i n  Appendix A. 

of the problem was not deemed necessary fo r  two basic  reasons: 

As a r e su l t ,  

The exact procedure f o r  computing the necessary conic sect ion,  under 
A f u l l  patched conic solut ion 

4i 1 
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(1) as t h i s  i s  a f e a s i b i l i t y  study, the added EDPM computation time required 

fo r  computing the patched conditions a t  both ends of the hel iocentr ic  conic 

was not j u s t i f i ab le ;  (2) the e r ror  introduced in to  the computation is of 

second order importance. 

sphere of influence technique. 

hel iocentr ic  arrival,  or departure,velocity vector of the probe and the planets 

veloci ty  vector w a s  assumed t o  define the hyperbolic energy a t  planet 

encounter. 

Planetocentric conics were computed using a 
That is, the difference vector between the 

The quantity,  defined C3 i n  astrodynamics jargon, and the def in i t ion  

of the patch distance permits computation of the probe veloci ty  r e l a t i v e  

t o  the planet a t  the patch point. 

solut ion of the incremental veloci ty  correction at the swing-by planet is 

discussed i n  Appendix E. It should be noted here tha t  a l l  manewers required 

a t  the swing-by planet were defined t o  occur a t  departure from the sphere 

of influence of tha t  planet. 

maneuvers where the plane is  defined by the a r r i v a l  and departure asymptotic 

veloci ty  vectors. 

required veloci ty  maneuver i n  a l l  cases. It is  the optimim point of appli- 

cat ion fo r  a maneuver whose purpose it  is t o  only ro t a t e  the asymptote. 

Under the or ig ina l  asymptions of the study (i.e., only maneuvers of the 
magnitude of nominal midcourse correction would be considered) the point of 

application of the corrective maneuver was a t  f i r s t  assumed t o  be of 
secondary importance. 

and P r u ~ s i n g ' ~ )  it w a s  decided t o  conduct an analysis i n to  the sens i t i v i ty  

of point of application of the  corrective manewer t o  the desired a l t e r a t ion  

of the departure asymptotic velocity vector. 

a s  a function of point of application along the hyperbola were investigated: 

(1) ro ta t ion  of the departure asymptote and (2) hyperbolic energy increase 
only. The goal of t h i s  investigation w a s  t o  determine the magnification 

factor  or er ror  incurred i n  the solution of the AVgmaneuver required by 

assuming it  occurred a t  departure from the sphere of influence. 

the study has not been completed but is  i n  i ts  f i n a l  stages of program 

checkout. 

The actual computation required for  

The required manewers are computed as  coplanar 

This is  not the optimum plane for  application of the 

After reading the work of Gobetz and Holl is ter  

Two sens i t i v i ty  coeff ic ients ,  

To date,  

4- 2 
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Appendix D provides a detai led description of the analysis.  

The Swing-By Mission Analysis Program was wri t ten so tha t  the character- 

i s t i c s  of an entry vehicle, using aerodynamic braking, could be input t o  the 

program. The vehicle w a s  assumed t o  be defined i n  terms of an entry weight- 

entry veloci ty  curve (a quadratic). 

current study w a s  one of a bi-conic configuration. Its entry weight vs. 

entry velocity charac te r i s t ics  a re  shown i n  one of the SC-4020 outputs 

contained i n  Appendix F. 

The par t icu lar  vehicle assumed i n  the 

Included i n  the output i s  the on-orbit weight required fo r  completion 

of the mission. This weight is calculated as a function of the f l i g h t  t i m e  

from launch t o  ta rge t  planet,  f l i g h t  t i m e  from target  t o  intermediate body 

and defined entry vehicle as w e l l  as the I 

engines. 

ated s t ruc ture  t o  be carried along in  the mission u n t i l  atmospheric entry 

a t  Earth return.  

of the in jec t ion  and maneuvering 

The ex is t ing  version of the program assumes a l l  tankage and associ- 
SP 

Due t o  the poss ib i l i ty  of performing thrusting maneuvers a t  the inter-  

mediate planet of sizeable magnitude, the exis t ing program w i l l  be a l te red  

t o  include the minimum AV computation on the flyby maneuver (i.e., should 

be the sens i t i v i ty  coeff ic ient  stu&; j u s t i f y  t h i s ) .  The b g i c  presented 

by Hol l i s te r  and Prussing w i l l  be u t i l i zed  fo r  select ion of the near-oPtbum 
point of application. 

the order of one or two kilometers per second w i l l  be synopsized i n  the 

sect ion en t i t l ed  "Future Work". Appendix C provides a detai led explanation 

of the procedure fo r  computing the AV required a t  the optimum point of 

application. 

The reasoning behind wanting t o  perform maneuvers on 

4.1 PARAMETRIC ANALYSIS 

Figures 2-A and 2-B are examples of the input required fo r  a parametric 

analysis of a flyby mission and the corresponding output fo r  a typical  flyby 

mission. The input, as t h i s  is a FORTRAN IV Program, i s  v i a  the namelist 

statement. A def in i t ion  of the input quant i t ies  is  as follows: 

4- 3 
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DL1 = year.month and day of launch. 
DL2 = hour.minute and second of launch. 
T10 = initial first leg flight time.(days). 
DT1 = increment of first leg flight time.(days). 
TlF = final first leg flight time.(days). 
TFO = initial total flight time.(days). 
DTF 5 incremental total flight time.(days). 
TFF = final total flight time.(days). 
NL = launch body numer. 
NI = intermediate body number. 
NT = target body number. 

X I L 2 I  = initialization vector (all zero). 
XII2T = initialization vector (all zero). 
IV = initialization vector (0, 1, 0). 

TIM = period for which conic solution is to be applied 

to planetary ephemeris. 
INDEX = key for selection of function to be optimized. 

INDEX = 1 = maneuver by Venus. 

INDEX = 2 = maneuver by Venus + injection velocity 
at Mars. 
maneuver by Venus -t injection velocity 

at Mars + entry velocity at Earth. 
INDEX = 4 = injection velocity at Mars. 
INDEX = 5 = entry velocity at Earth. 
INDEX = 6 = parameteric analysis (no optimization). 

INDEX = 3 = 

NOPT output of intermediate data during optimization. 1 no output of intermediate data during optimization. 
WLOT = f 1 = plotting of data. 

1 0  = no plotting of data. 

= final case. 
= not final case. 

NFINAL = 

1 = mass calculations . 
= r o  = no mass calculations 

MASS 
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Tx = three values of entry veloci ty  associated with 

entry vehicle selected. 

FTX = three values of entry weight associated with 

vehicle selected.  

These inputs are ident ica l  f o r  e i ther  a parametric analysis or an 

optimization run except f o r  the select ion of the appropriate index value. 

Figure 2-B contains an example case of the output of the program. 

A line-by-line description of the output is  as follows: 

Line 1 

L.D. = 

DELV* = 

. c3 = 

I.D. = 

DEW* = 
RP e 

C3A = 

C3D = 

A.D. = 

D E L V W  = 

AV I 

TF E 

T 1  - 
PSI = 

- 

year.rnonth and day of launch. 

in jec t ion  veloci ty  required from 100 Km c i r cu la r  

park o rb i t .  (Km/sec) . 
in jec t ion  energy (i.e., v ~ )  ( ~ m  /sec ). 

year.month and day of a r r i v a l  at  intermediate body. 

corrective maneuver required at  Venus (rn/s). 

radius of c losest  approach (Km). 

a r r i v a l  asymptotic velocity (intermediate body)- 

(Kmisec)*2. 

departure asymptotic veloci ty  (Km/sec)*2. 

a r r i v a l  date  a t  target  body (yearornonth and day). 

r e t r o  required to  a r r ive  on a c i r cu la r  park o rb i t  of 
184 Km on Earth a r r iva l  (Ibn/sec). 

asymptote veloci ty  on a r r i v a l  a t  targec body. 

(Wsec) . 
t o t a l  f l i g h t  t i m e  (days). 

f i r s t  leg f l i g h t  time (days). 

thrust ing angle required referenced t o  departure veloci ty  

vector a t  maneuver at swing-by planet (degree). 

2 2 2  
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Line 2 

The hour, minute/and seconds of t he  corresponding date shown 

on l i ne  1. 

Line 3 

PSI1  

PSI2 

Line 4 

Entry Velocity 

Entry Weight 

Weight Out of orb i t  

Park Orbit Weight 

The program generated 

central angle traveled during the hel iocentr ic  

phase of the f l i g h t  from launch t o  intermediate 

body (degree). 

central angle traveled during the hel iocentr ic  

phase of the f l i g h t  from intermediate body 

t o  ta rge t  body (degree). 

velocity a t  perigee of the approach 

hyperbola t o  Earth (a 184 Km perigee) 

Kmlsec. 

s t ructure  + heatshield a t  atmospheric 

entry t o  Earth (41 's ) .  

weight injected in to  a hel iocentr ic  conic 

from the launch planet. (a 's ) .  

weight on park o rb i t  a t  launch planet 

required t o  de l iver  study weight a t  

Earth. ( { I ts) .  

t o  compute these quant i t ies  as w e l l  as others 

i s  extremely fast i n  operation. On the  average, the  program requires 1.2 

seconds t o  compute a solut ion t o  the swing-by problem, write the  solut ion 

on an output tape i n  the format shown and write the corresponding data 

on a plot  tape. 
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4.2 OPTIMIZATION CAPABILITIES 

The swing-by program i n  i t s  present version possesses the capabi l i ty  

of minimizing six basic  functions of the veloci ty  maneuvers required t o  

complete the  Mars-Venus-Earth leg of the interplanetary mission. These 

functions were sumnarized and explained i n  the  preceding section. I n  
addition, the capabi l i ty  fo r  minimizing on o rb i t  weight a t  Mars is being 

added t o  the program. 

run a r e  ident ica l  t o  those described i n  the preceding sect ion,  except f o r  

the se lec t ion  of the appropriate index values. 

t h e i r  format, and the binary data  tape wri t ten for  SC-4020 Plo t t e r  Output, 

are a l s o  ident ica l  t o  those described earlier. 

The input quant i t ies  required fo r  a minimization 

The output quant i t ies ,  

Figures 3-A and 3-B are typical examples of the input required and 

output data generated f o r  a minimization run in which the AV maneuver 

a t  Venus w a s  minimized. 

The program has been wri t ten in  such a way tha t  minimization of any 

quant i ty  expressed a s  a function of f l i g h t  time from the launch t o  the 

ta rge t  is possible. 
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SECTION 5 

1978 OPPORTUNTTY 

The 1978 opportunity was chosen a s  the i n i t i a l  area f o r  the investigation 

of th rus t  augmented maneuvers. 

reasons : 
This opportunity was selected for  two basic 

1. 

2. 

1 Investigations by SOHN have shown t h i s  t o  be a marginal 
opportunity i n  terms of charac te r i s t ic  veloci ty  required 

when compared t o  a d i r ec t  return. 

The 1978 opportunity i s  probably representative of the i n i t i a l  

opportunity fo r  a manned flyby of Venus on the re turn  f r an  

Mars. The f ac t  that the 1978 opportunity i s  marginal as f a r  as 

f e a s i b i l i t y  is concerned makes it most a t t r a c t i v e  f o r  analyzing 

i n  terms of th rus t  augmented maneuvers a t  Venus. 

The benefi ts  of using thrus t  augmented maneuvers by Venus, should 

they be acceptable, would be the widening of the permissible launch win- 

dow f o r  a given boost vehicle configuration. 

meant t o  imply the permissible date of launch out of Mars park orb i t .  

An a l t e rna te  der ivat ive would hopefully be an appreciable shortening of 

t o t a l  f l i g h t  t i m e  on the return leg  or an appreciable reduction i n  atmos- 

pheric entry veloci ty  on Earth return. 

t o  a reduction i n  the heat shield weight required, and thereby a reduction 

of the  weight required on orb i t  a t  Mars. 
the f a c t  t h a t  any maneuver performed on the Venus flyby w i l l  require engine, 
propel lant ,  and s t ruc ture  t o  be boosted out of the park o rb i t .  

any weight savings accrued on E a r t h  entry,  due t o  applying a thrusting 

maneuver a t  Venus, must be traded off with the weight penalty associated 

with making tha t  maneuver by Venus. 

parametric comparison t o  a gravity ass i s ted  flyby have been applied to  the 

1978 mission. 

The launch window here is  

The latter could possibly lead 

Hidden i n  these suppositions is 

I n  essence, 

These considerations as w e l l  as a 
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5.1 P A W R I C  ANALYSIS RESULTS 

Parametric data on the 1978 opportunity w a s  generated f o r  a Mars launch 

date  of March 2 ,  1978. 

Carlson 4020 plots.  

The data was generated i n  the form of Stromberg- 

These p lo t s  are shown i n  Appendix F. 

The data content of the computer runs w a s  analyzed and reduced t o  a 
s ingle  p lo t  - Figure 4. 
generated fo r  each launch date from Mars; however, only the March 2 date 

w i l l  be discussed in  t h i s  report. Figure 4 contains a l l  the information 

necessary fo r  determining the merits of a power-assisted flyby a s  compared 

with gravity-assisted flybys. The abscissa contains the approach velocity 

t o  Earth, whereas the ordinant describes the veloci ty  increment required 

for  inject ion onto the departure hyperbola a t  Mars. 
aerocentr ic  park-orbit is assumed to exist. 

t o t a l  f l i g h t  time and f l i g h t  time from Mars to Venus. 

curves a r e  those running nearly ve r t i ca l  on the page. 

times are  those running horizontally across the page. 

overlaying t h i s  gr id  represent constant incremental veloci ty  maneuvers by 

Venus. 

the  zero curve. 

and II t r a j ec to r i e s ,  respectively. 

in  Figure 4 w i l l  reveal a basic incoapatibil i ty;  t ha t  is, it is impossible 

to  "improve" a l l  paranreters through the appl icat ion of a thrust ing maneuver 

a t  Venus. 
Figure 4 indicates tha t  one should proceed toward the or ig in  of the p lo t ;  

t h a t  is, find the most favorable tradeoff between incremental veloci ty  applied 

and the associated reduction in  launch veloci ty  required, and entry veloci ty  

dictated.  However, following t h i s  philosophy causes t o t a l  t r i p  time to 

increase - a der ivat ive of applying an incremental veloci ty  not considered 

beneficial .  

I f  one is wil l ing t o  accept an increase in t o t a l  t r i p  time, then it becomes 

possible t o  t rade o f f  the reduction in  entry veloci ty ,  entry weight, and 

consequently payload on o r b i t ,  against the incremental veloci ty  required. 

P lo ts  such a s  those shown i n  Figure 4 could be 

A 100 kilometer 

The basic gr id  contains 

Total  f l i g h t  t i m e  

Firs t - leg f l i g h t  

The smooth arcs 

Notice tha t  contours of eqwl  magnitude occur on e i t h e r  s ide  of 

It was found tha t  these contours belong to-Type I, Class I 
A quick review of the parameters displayed 

From the aspect of reducing mission cha rac t e r i s t i c  velocity,  

Total  t r i p  time on the f i r s t  l eg  is a l s o  seen t o  increase. 
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An in te res t ing  aspect of Figure 4 is the r e l a t ive  insens i t iv i ty  of minimum 

Earth en t ry  veloci ty , for  a given incremental velocity, to the t o t a l  t r i p  

t ime.  That is, the m i n i m u m  Earth entry veloci ty ,  regardless of the total  
t r i p  time and incremental veloci ty  assumed, remained fixed a t  approximately 

175 t o  176 days f l i g h t  t i m e  on the first leg. 

course, subject t o  a March 2, 1978, launch and the range of paraaeters 

shown i n  Figure 4. Figure 4 indicates t ha t  a net  reduction in mission 

cha rac t e r i s t i c  veloci ty  of approximately 

of parameters considered. 

Earth entry l i ne  an incremental velocity by Venus of 1.2 K/S is seen t o  

reduce Earth approach veloci ty  by approximately 2 K/S. 
a net  reduction of approximately .8 K/S i n  charac te r i s t ic  velocity. 

veloci ty  increment needed fo r  injection onto the departure hyperbola a t  

Mars is seen t o  remain nearly a constant. Trip time f o r  t h i s  veloci ty  

tradeoff increases by 10 days - approximately 4%. A t  f i r s t  glance the 

tradeoff seems t o  be a favorable one. However, when the added cost ,  i n  

terms of propellant,  s t ruc ture ,  r e l i a b i l i t y ,  etc., of performing the 

incremental veloci ty  change a t  Venus is considered, as w e l l  a s  the human 

fac tors  associated with longer times in space, the complexion of the p ic ture  

changes comp let  e ly  . 

This conclusion is, of 

.8 K/S is possible for  the range 

I n  par t icular ,  by working along the m i n i m u m  

This is, as s ta ted ,  

The 

Figure 5 contains a description of  amount of fue l  required on o r b i t  

a t  Mars t o  complete the mission. The propellant weight shown takes into 

account the weight of the bi-conic entry vehicle needed f o r  a mission of 

the duration shown (Le., t o t a l  f l i gh t  time) and the  d ic ta ted  incremental 

veloci ty  by Venus. 

as a function of Earth entry velocity are contained in  the SC-4020 output 

presented in Appendix F. 

envelope sk i r t i ng  the bottom of the constant f l i g h t  time contours is t h a t  

associated with the pure flyby maneuver. The .8 K/S reduction i n  Earth 

approach veloci ty  t rans la tes  into an ac tua l  reduction of useful payload 

on o r b i t  a t  Mars; or ,  a l te rna te ly ,  the capabi l i ty  for  applying a 1,2 K/S 
maneuver a t  Venus cos ts  approximately 20,000 lbs. of propellant on o r b i t  

a t  Mars. 

The weight charac te r i s t ics  of the bi-conic entry vehicle 

A quick glance a t  Figure 5 reveals that the 

A l l  propellant weights are calculated assuming a l iquid hydrogen 
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engine having a spec i f ic  impulse of  350 seconds. 

in  Figure 5 is the same m i n i m u m  Ear th  entry veloci ty  l i ne  described in  
Figure 4. 

f o r  a t o t a l  t r i p  time somewhere between 254-256 days and the associated 

f i r s t  leg t r i p  time is approximately 180-181 days. 

Figure 4 again, and the zero incremental veloci ty  l ine ,  it is seen tha t  

minimum on-orbit weight a t  M r s  does not correspond to  m i n i m u m  Earth entry 

veloci ty  and subsequently minimum Earth entry weight. 

The dashed v e r t i c a l  line 

It is in te res t ing  to note t h a t  minimum payload on o rb i t  occurs 

By re fer r ing  t o  

Subject t o  the constraints  assumed in the study, entry vehicle def in i t ion ,  

SP 
and I 

flybys of Venus do not seem feasible  fo r  t h i s  opportunity and launch date. 
of the engine assumed t o  perform a l l  Av maneuvers, power-assisted 

It should be mentioned tha t  gravity-assisted flybys of Venus e x i s t  f o r  

a Type E t r a j e c t o r y  t o  Venus; however, the entry ve loc i t ies  a t  Earth are on 

the  order of 17-18 K/S - a veloci ty  deemed not worthy of fur ther  investigation. 

5.2 MINIMIZATION OF SWING-BY MANEUVERS 

The conditions fo r  which t h e  parametric data was derived in the 

preceding sect ion were input t n  the Sving-By Mission Analysis Program, and 

a minimization of the incremental velocity required by Venus was performed. 

Figures 6 through 9 contain the s ign i f icant  results of t ha t  minhnization. 

Figure 6 c lear ly  i l l u s t r a t e s  the locus of points of two minimum 

incremental veloci ty  mission poss ib i l i t i es .  

set of opportunities ( res t r ic ted  i n  t he  sense of f l i g h t  time from Mars t o  

Venus) corresponds t o  Type II t ra jec tor ies ,  whereas the remaining set  of 

p o s s i b i l i t i e s  correspond t o  Type I t ra jec tor ies .  

have excessively. high Earth entry veloci t ies ,  they were not considered in 
the  study. 

Mission Analysis Program and can provide an assessment of the cha rac t e r i s t i c s  

of the  mission. 

The s teeper  and more r e s t r i c t ed  

A s  the Type II t r a j ec to r i e s  

P l o t s  such a s  these can be rapidly generated on the Swing-By 
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The t o t a l  weight of the entry vehicle (i.e., s t ruc ture  and heat shield)  

required f o r  successful completion of the m i n i m u m  incremental veloci ty  mission 

is contained i n  Figure 7. 

is a d i r ec t  re f lec t ion  of the savings in cost of addi t ional  heat sh ie ld  

weight . 
The ne t  change between any two points on the curve 

The apparent discontinuity i n  the curve, between 251 and 255 days f l i g h t  

time from Mars t o  Earth, occurs over the in te rva l  of unpowered flybys, 

po in ts  contained in t h i s  f igure are  associated with the Type I trajectory.  

The 

I n  a s imilar  manner, Figures 8 and 9 describe the  weight out of Mars 
park o r i b t  and the weight required on Mars park o r b i t  f o r  minimum incremental 

veloci ty  missions. 

minimum mission weight does not occur a t  the same conditions fo r  which entry 

weight is a minimum. 

These figures verify the conclusion reached earlier: 

Figures of the type shown provide a quick analysis  of the mission 

charac te r i s t ics  associated with a given performance index. The tes t  case 
described here served as both a check case f o r  ve r i f i ca t ion  of program 

operation and a means f o r  acquiring insight  in to  the manner in  which 

d i f f e ren t  parameters t rade o f €  on swing-by missions. 
performance index of incremental velocity required on the Venus swing-by 

mission has been investigated to  date, 

However, only the 
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The project  achievements as a resu l t  of e f f o r t  expended dur-ag the 

pre  mid-term phase of the contract  can be summarized as follows: 

WDGTR3059 

SECTION 6 

SUEMARY, CONCLUSIONS AND PHASE 11 WORK 

1. 

2. 

3. 

4. 

5 .  

Generation of an operational program capable of analyzing swing-by 

missions e i t h e r  on a parametric basis  o r  the optimizing of a s ta ted  

performance index. 

(Le.,  a conplete solut ion f o r  a swing-by mission every 1.2 seconds). 
The program obtains solut ions a t  a rapid r a t e  

Integrated in to  the basic program, the capabi l i ty  fo r  using the 

Stromberg-Carlson p l o t t e r  as an auxi l ia ry  output device. 

capabi l i ty  permits the rapid generation and evaluation of swing-by 

mission data. 

This 

The p lo t ted  output has been arranged so t ha t  any two functions 

of t o t a l  f l i g h t  time o r  f l i gh t  time on the f i r s t  leg may be plot ted 

against  each other  with e i the r  t o t a l  f l i g h t  time o r  f i r s t  leg 
f l i g h t  t ime serving as the secondary parameter on each graph (see 

Appendix F). 

An investigation and derivation of the  equations required t o  coapute 

the incremental veloci ty  necessary t o  t ransfer  from one hyperbola onto 

a specified second hyperbola a t  any radius vector connoon t o  the two 

hyperbolas. 

obtained by Bat t in  and used by Hollister and Prussing i n  Reference 

The r e su l t s  of the der ivat ion are ident ica l  t o  those 

(5). 

The theore t ica l  derivation, programing, and checkout of a l inear  

e r r o r  propagation along a specified hyperbola with given end 

conditions on the l i nea r  equations a t  departure from the sphere 

6- 1 
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of influence. 

in to  the incremental velocity calculat ions by assuming tha t  a l l  

maneuvers occur a t  the sphere of influence. Useful data has 
not yet  been obtained from t h i s  program, 

This study w i l l  determine the e r r o r  introduced 

6.  Experimentation into different  ways of presenting the swing-by 

data so as t o  show most d i rec t ly  the benefi ts  gained through 

a power-assisted maneuver culminated in a graphical display l ike 

t h a t  shown i n  Figure 4. 
evaluation of power-assisted maneuvers on the basis  of a "pure" 

swing-by. As discussed ea r l i e r ,  any savings in  mission character- 

i s t i c  veloci ty  must be careful ly  traded of f  with the cost  of 

performing the  thrust-augmented maneuver. Cost here is meant t o  

imply the increase or decrease in weight required on o r b i t  a t  

Mars in order t o  successfully complete the mission. These areas 
of consideration a re  reflected in  the  analysis  of the test case 
shown. 

T h i s  s ingle  p lo t  permits the rapid 

7. It has been ten ta t ive ly  concluded t h a t  power-assisted swing-by 

maneuvers of the planet Venus during the return phase of a Mars 
mission are not €easib'Le. This eocelusicn was  reached for  the 

1978 opportunity and in  par t icu lar  fo r  a launch from Mars on 

2 March 1978. 

ass i s ted  swing-by. 

The basis for  comparison here was the gravity- 

8. Minimum mission weight does not occur a t  the same conditions f o r  

which minimum Earth entry weight occurs. 

9. Swing-by missions flown i n  the  1978 time period, assuming a l o w  

approach veloci ty  t o  E a r t h  is of primary importance, are of 

Type I (Le., the cen t r a l  angle on the Mars-Venus leg is less 
than 180 degrees). 
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The Phase I1 portion of the contract w i l l  emphasize the following 

areas: 

1. Continue the investigation of the 1978 opportunity, fo r  d i f fe ren t  

launch dates from Mars, and ver i fy  the ten ta t ive  conclusions 

drawn to  date  on power-assisted maneuvers. 

2. Compare power-assisted maneuvers on the bas i s  of d i r ec t  re turn 

m i s s  ions . 
3. Analyze a s  many opportunities as time permits (opportunities 

occurring a f t e r  1978). 

4. Generate a compact format, i f  both feasible  and possible,  f o r  

presentation of the merits of thrust-augmented maneuvers covering 

an e n t i r e  opportunity. 

5 .  Generate a compact format for tying together the outbound and 

return legs of an interplanetary mission. 

As many of the above areas es pnasible will be covered in  the t i m e  
rema in ing. 
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SECTION 7 

FUTURE WORK AREAS 

Work areas worthy of fur ther  investigation might be sunmatized as: 

1. Analyze the e f f e c t s  of using correction maneuvers by Venus where 

the thrus t  is provided by engines of higher I 
SP 

f o r  inject ion onto park o rb i t  a t  Eiars (i.e., I 

than those used 

> 350). 
SP 

2. Investigate the benefi ts  derived from staging and using correction 

maneuvers on the order of midcourse corrections as compared to  
zero staging and using a res ta r tab le  engine for  a s izeable  

maneuver by Venus (i.e., trade of f  the e f f e c t s  of staging and 

Is,). 

3. Determine the savings in cost, as it e f f e c t s  mission time, weight, 

etc., of d i f fe ren t  types of entry vehicles (Le ,  bi-conic, Apollo, 

etc.). 

4. Analyze outbound t r i p s  t o  Mars as w e l l  as inbound t r i p s  from Mars 

f o r  opportunities occurring during the 1980's (Le. , a continuation 

of the  Phase I1 ef for t ) .  

5.  Determine the navigation and guidance requirements f o r  a power- 

ass i s ted  swing-by m i s s  ion should an opportunity occur where 

thrust-augmented maneuvers y ie ld  desirable  changes in mission 

character  is t ics . 
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APPENDIX A 

CONIC SOLUTION GIVEN INITIAL AND TERMINAL RADIUS VECTORS AND 

THE TRANSIT TIME BETWEEN THEM 

The swing-by program requires both the a r r i v a l  hel iocentr ic  and 

depature hel iocentr ic  conics to  be defined. Arrival and departure here 

is  referenced t o  the intermediate o r  swing-by planet. Both the planet 

from which the mission originated (i .e. ,  launch body) and the planet a t  

which the mission terminated (i.e. t a rge t  body) a re  considered t o  be 

massless. As a r e su l t ,  the hel iocentr ic  conic terminates a t  a point i n  

space coincident with the  required planet centers.  As both the a r r i v a l  

date  a t  the ta rge t  planet is a l so  known. Knowing the dates of a r r i v a l  

and departure permits, through the use of planetary ephemeris tables ,  

the computation of the magnitude of the i n i t i a l  and f i n a l  radius vectors. 

Figure A - 1  contains a description of the t ra jec tory  and the def in i t ion  

of symbols. As the terminal r a d i i  and elapsed time are known, the desired 

expressions may be derived a s  follows: 

The polar equation of the conic is 

P 
1 + e cos 8 

r =  

where r is the distance from the principal focus, p i s  the semi-latus 

rectum, e the eccent r ic i ty ,  and 8 the t rue  anomaly. I n  order tha t  the 

launch body and the ta rge t  body l i e s  on the conic sect ion,  i t  is necessary 

tha t  conic elements e ,  p, and 8 are chosen such tha t  

A- 1 
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Figure A- 2 
Zero-Time Solutions 

Heliocentric Transfers of Interest 
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The second part of Equation (A.2) may be arranged to solve for the 
semi- latus rectum. 

p = r2[1 + e cos (e + if)l 

- - r2 rl + e cos e cos $ - e sin 8 sin $3 

The first of Equations (A .2 )  renders 

and it is easily shown that 

tan y e s i n @ = - -  P 

rl 

where y is the flight path angle at launch. 

4 -4 

Conic sections connecting r and r are characterized by semi-latus 1 2 
recta of the form 

p = r2[1 + -3 cos JI - E- tan y sin $1 
rl 

or r r (1-cos $) 

2 
(A 0 4) 1 2  

P ’  (rl - r2 cos 41 + r sin 6 tan y) 

The quantities rl, r and 3( are constants for the problem. That is, 2 
p is a function of the flight path angle, y. Only one value of y ,  however, 
gives rise to the desired transfer time. 

A- 3 
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The t ransfer  t i m e  between r1 and r2 is now computed v ia  Kepler's 

The 

Equations and compared with tha t  desired. 

is driven t o  zero through use of the i t e r a t i o n  subroutine FINDV: 

f l i g h t  path angle, y, being the parameter of i t e r a t ion .  

The difference i n  f l i g h t  time 

Two solutions of almost zero t ransfer  time e x i s t  fo r  most ephemeris 
The more obvious of these is the s t r a igh t - l i ne  solution. configurations. 

The other solut ion is a very "hot"hyperbo1a which bends around the sun 

(see Figure A-2).  

Conics between these solutions a r e  exchded from consideration by 

the cen t r a l  force equations of motion. Trajector ies  which a re  retrograde 

r e l a t ive  t o  planetary motion are  a lso excluded by l imiting the range of 

y allowed. 

Figure (A-3) shows the t ra jectory regions which determine the ranges 

of y t o  be considered, L is the launch body and T is  the ta rge t  body. 

The forbidden region, F ,  l ines  between the  zero time transferred.  The 

dotted curves PI and P 

and H hyperbolic t ransfers ,  and E e l l i p t i c a l  t ransfers .  Retrograde 

t ransfers  (H P ) are  disallowed as p a r t i c a l  solutions for  t h i s  program. 

The i n i t i a l  f l i g h t  path angle, y, used t o  i n i t i a t e  the i t e r a t i o n  i s  the 

f l i g h t  path angle corresponding t o  the boundary solut ion between regions 

represent parabolic t ransfers ,  the regions H1 2 

2 

2 '  2 

H1 and F i n  the launch t o  target  direction. 

A- S 

WDL DIVISION 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
1 

WDG TR3 059 

APPENDIX B 

A FUNCTIONAL OPTIMIZATION PROCEDURE (FINDV) 

The functional optimization procedure described i n  the following pages 

was or ig ina l ly  wri t ten as a general purpose program and used i n  the Monte 

Carlo Program for  e r ro r  analysis of 8 lunar orb i t ing  probe, (i.e. Contract 

WS5-9700 Goddard Space F l ight  Center, NASA). Since then it has found 

many appl icat ions one of which is the flyby mission program. FINDV is  

used i n  two basic appl icat ions i n  th i s  program: 

1. f l i g h t  time convergence criteria on the he l iocent r ic  

portion of the t r a j ec to r i e s ,  and 

2 .  obtaining optimum solutions fo r  the performance index 

spec i f  ied . 
Program input and output, and operational charac te r i s t ics  a r e  

described below. 

PURPOSE 

To find a local  minimum, maximum, or zero of a function (F(X)) of a 
The subroutine i t s e l f  takes only one s t ep  toward the  chosen sca l a r  (X). 

goal fo r  each entry,  and must be used with a program with provides values 

of F(X) and re-entr ies  t o  FINDV u n t i l  convergence or f a i lu re .  

INPUT AND OUTPUT 
~~ ~ ~~~ 

Definit ion 

Option Keys, number of 
i t e r a t ions ,  e tc .  

B- 1 
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INPUT AND OUTPUT DESCRIPTION 

Quant i t ies  a r e  input o r  output i n  the X I ,  F X I ,  I C  arrays as follows: 

I / 0  

I 

I 

0 

0 

0 

I 

I 

I / 0  

0 

0 

0 

I /0 

X I ( 1 )  XO = value of X. An i n i t i a l  value must be input. 

X I ( 2 )  = XL lower boundary of X 

X I ( 3 )  = XU =: upper boundary of X 

FINDV will search only on (XL, XU) 

X I ( 4 )  = SP = last value of X 

xI(5) = XPP = next t o  l a s t  value of X 

X I ( 6 )  = X d  = tolerance used on incremental change of 

X = F X ( 3 )  * .025 

F X I ( 1 )  = F X  = value of F(X) .  Must be computed and input 

before each entry.  

F X I ( 2 )  = E = tolerance on solut ion 

F X I ( 3 )  = SS = i n i t i a l  step s i z e  in  X ,  changed a t  each 
entry t o  s ize  of last s tep  taken 

F X I ( 4 )  = FP = F(XP)  = F ( X I ( 4 ) )  

F X I ( 5 )  = FPP = F ( X P P )  = P ( X I ( 5 ) )  

F X I ( 6 )  = F0 = s t a r t i n g  value of F ( X )  = F X ( 1 )  a t  f i r s t  s t ep  

IC(1) = I K  = -1 on i n i t i a l  entry t o  FINDV, s e t  by user.  

From then on, I K  is s e t  by FINDV: 

I K  = 0 ,  normal e x i t  f o r  new F ( X )  

I K  =-1, convergence, X and F ( X )  i n  X I (  1) , F X I (  1). 

I K  = 1, exceeded maximum number of i t e r a t ions  

I K  = 2,  program has t r i e d  three times t o  s t ep  

past the  boundary 

B- 2 
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THEORY 

Case (1) M = 0 Finding zero valu of a fun ion 

XL xu 

I n  t h i s  instance we are interested i n  finding tha t  value of X ,  X = A, 
such that F(X) 5 0. 

The program must be s t a r t ed  with a value of X and a s t ep  which has t he  

correct  sign. 

For example, i f  XO = XL then SS - Positive 

Negative i f  XO = XU then SS 

I n  t h i s  case the subroutine w i l l  continue incremnting X by SS i int i l  
e i t h e r  

a) the  product of the  s t a r t i ng  value of P(X) and the 
current value of P(X) changes sign. 

b) One of the  boundary values of X is reached. For 
t h i s  l i m i t  t he  subroutine returns  with XK = 2 i f  

it attempts t o  s tep  pas t  the boundary twice, or 
finds no sign change with (XL,XU). 

For nominal operation ( i f  s ta r ted  correct ly  the  condition (a) is 
reached. 

B-3 
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I IC(2) = NM = maximum number of s teps  

0 I C ( 3 )  = N = number of s teps  taken 

I I C ( 4 )  = M * option key. M = 0 t o  finc. a zero o F (X) 
= 1 t o  f ind a minimum of P(X) 

or  maximum of -P(X) 

0 I C ( 5 )  = JK 1 if FINDV is i n  s t ep  mode 

= 2 i f  FINDV is i n  parabolic mode. 

0 IC(6) I B  = 0 the  f i t  is away from the boundary 

> 0 the f i t  is against  the boundary. 

Note that t o  i n i t i a l i z e  FINDV, XI(1-3) ,  FXI(2 and 3 ) ,  and IC(1,2, and 4) 
must be set. 

The mode of u t i l i z a t i o n  i n  a program is i l l u s t r a t ed  below: 

C a l l  FINDV (XI, FXI, IC) 

I 

J. 
Convergence 

Exceeded maximum Boundary l i m i t  
i t e r a t ions  problems 

B-4 
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This last logic insures that past  values of FX and X are always 

kept which span the desired solution. 

Re-entry t o  FINDV after computing F(X + a) w i l l  start with the 

I FX 1 e e test. 

Case (2) M = 1 - Minimizing 

XL xu 

In t h i s  instance i t  is desired to find X = A ,  that value of X 
which minimizes F (X) . 

PH I LCO! 
e.". (u 

1 
B- 5 
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Following t h i s  X is incremcnted by a value of -SS/2 and subroutine 

re turns  
FPP .-{XPP 

(The subroutine continually stores the last two values of FX and X 
and the  latest value of SS.. The i n i t i a l  SS is destroyed and not 

restored .) 

On re-entry t o  FINDV, a test is made on 

holds,IK is set -1 and t h e  subroutine returns.  I f  not, then the three 

values  of FX are  used to f ind a parabola 

1 FX I 6 .  I f  the inequality 

2 P(6X) = a. + al 6X + a2 6X 

where a = FX 
0 

and a, and a,, a re  found from 
A 

f l* 

I a2 

The incremental v 

4 \ 

(XP - X) (XP -X) 
2 

(XPP - X) (XPP - x)2 
\ / 

-1 
/ \ 

FP - FX 

FPP - FX 

\ / 

.ue of X f romthe  center point is computed from 

6 -a1 + (signf (a,)) ja: - 4a2 FX 

Before making t h i s  calculat ion,  FX, FP, and FPP are tes ted and, i f  necessary 

re-ordered, so t ha t  the inequality I FX 1 5 1 FP 1 5 1 FPP 1 holds. 

X ,  XP and XPP are sh i f ted  correspondingly i n  case of re-ordering.) 

(The 

B-6 
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The program is s ta r ted  similarly.  A t  least two increments of tjS are added 

t o  XX before any other tests a re  made. 

This t o  give X and FX = current values 

XP and FP = 1st previous values 

XFP and FPP-2nd previous values 

The subroutine then contines stepping X and returning past  values of 

X and FX u n t i l  

(a) FP - (FPP + FX) < 2 

and 
(b) (FP - FX) 0 

or 

(c) A boundary value of X is reached. In  t h i s  instance two 

t r ia ls  w i l l  be made of finding a solut ion close t o  the 

boundary before the subroutine returns  with I K  = 2. 

For norma€ operation when conditions (a) and (b) are  both reached, then 
XP w i l l  be near the minimum value of X. 

In  t h i s  instance al and a 

and tjX is  computed from 

are computed i n  the  manner give fo r  case (1) 2 

1 XP - x 1 + IXPP - XI 
2 6X = -a1/2a2, and tes ted against DET = 

If 

If 16x1 5 DET, and (a) t h i s  i s  the f i r s t  entry fo r  which three values 

of F(X) have been accumulated, o r  (B) 16x1 >Eo i n i t i a l  

then SS = and the rout ine e x i t s  for  a new value of F(X). 

I f  SS i n i t i a l  
4.0 18x1 2 DET, and a l s o  - < , then a test f o r  convergence 

is made. 
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If lAldX + A2 6X21 5 E + .0001 F(X) then a solut ion has been 

reached and FINDV returns with I C ( 1 )  = -1. 

Modification of s t ep  s i z e  near a boundary. 

I f  X + 6X l i e s  outside of the open in t e rva l  (XL,XU) the routine recomputes 

6X = SS = .S(XL-XP) or  .9(XU-XP), and returns.  

increased by 1; three such adjustments and FINDV sets IK = 2 before exit ing.  

(These adjustments need not have been made on consecutive s teps ,  or a t  the 

same boundary). 

I f  t h i s  occurs IB is 

bH I LCO. 
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APPENDIX C 

OPTIMUM AV COMPUTATIONS ON FLYBY HYPERBOZA 

C . l  hV CCMPUTATIONS ON THE FLYBY HWERBOLA 

The equations needed fo r  the computation of the corrective veloci ty  

vector t o  be added t o  the exis t ing s t a t e  vector i n  order t o  meet the 

hyperbolic departure constraints a t  the sphere of influence w i l l  be derived 

here. Figure C - 1  w i l l  be used t o  describe 

the symbols pertinent t o  the following derivation. 

the departure geometry and 

As Hol l i s te r  and Prussing s t a t e  i n  the i r  paper, i t  is of a d i s t i n c t  

advantage t o  be able  t o  write a vector equation defining the velocity 

vector on the hyperbola as a function of the instantaneous radius vector 

and the hyperbolic departure conditions (i.e. r and ?= as seen i n  Figure 
4 

c- 1). 

It is desired tha t  the velocity vector be of the form 

I f  the v' is  dotted with ?= and ;, and then i n  turn properly manipulated, 

the following two equatdons a re  obtained 
2- - 4 4 4 -  

r V-V, - Vm* r V - r  
2 2  -L 4 2  

0 0 

r v m o -  (r vm; 

From Figure C - 1  it is noted tha t  

c- 1 
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Hyperbolic Velocity on a Flyby Manewer 

Figure C.l 
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t 
I 
I 
I 
I 
I 
8 
8 
1 
I 
1 
8 
1 
1 
51 
I 
t 
t 

- 4 . 4  

V . r = r V cos $ 

4 - 4  v v- = v v- eos 
0 0 

-. .4 vm r - r V- Cos 8 
0 0 

A and B now reduce to: 

V Sin R  at^ s i n e  
- 0  

v ( s i n  8 COS B - COS 8 s i n  8) 
r s in  8 B -  

-4 .4 - V s i n  @ V O ~  + V ( s i n  8 cos R-cos 8 s i n  8) r 
2 vma Y sin 8 Thus: v = 

It is  now possible, using the r e su l t s  of the equations of motion of 
a pa r t i c l e  i n  an inverse square f i e ld ,  t o  eliminate @ f ran  Equation C.7. 

The following e q d t i o n  

equations of motion. 

may be derived through the manipulation of the 

d d d  4 
4 v x i r x v i  - r  - 

II r P '  

where p is  a constant vector of magnitude e(the conic eccentr ic i ty , )  
directed toward the point of closest  approach. 

grav i ta t iona l  constant of the flyby planet 

p is the universal 

- e - #  -. - 4  4 4 4  

That is  ; p.r  - c v2 - v . r . ~ ]  r - r . r 
w 

- 1 + c cos A cos 8 + e s i n  A s i n  8 

(C. 10) 

(C. 11) 

(c. 12) 

c- 3 

(C. 13) 
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2 2  therefore:  - rV s i n  A = 1 - cos 0 + J e 2  - 1 s i n  0 
v 

Note: ml =h = r Vmn V s i n  R 

As a r e s u l t  of C.15, C.14 may be solved for  s i n  B. 

t 
I 
8 
I 
I 
8 
31; 
1 
1 
1 
I 
t 
t 
s 

By subs t i tu t ing  fo r  sin(A-e) and manpulating the r e su l t s  with those 

previously obtained, may be expressed 8s 

WDL-TR3059 

(C 14) 

(C. 15) 

(C. 16) 

Again, using Equation C.10) in  the following manner yields  the 

desired expression for(cos P s i n  0 - COS 8 s i n  B) 

4 4  

per s i n  ( A  - 0) = + v * r  13 x 

* r2v2 s i n  B cos R 

(C. 17) 

(C .18) 

(C. 19) 

2 VCD 

s i n  B s i n  9 cos 9 0 
s i n  8 

p !  + -  
2 V 

r V  

s i n  9 
2 - -  s i n  e cos 0 sj,n B ++ (cos e - cos e) TI 

V 
a0 
n 

. s i n  9 
(C. 20) 
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(C .21) 

Substi tution of the expression fo r  s i n  8 yields  the desired r e su l t  

for B. Vm 
0 B =- 2r It'".-.) r Vm (1 + cos 0 )  

Equation C . l  now takes on the form: 

I r  I 

(c .22) 

(C .23) 

-* 
Note tha t  p could be eliminated from the expression f o r  V by appro- 

p r i a t e ly  non-dimensionalizing the posit ion and velocity.  

Through a s ingle  subs t i tu t ion  of the following def in i t ions ,  the 

expression obtained f o r  V may be writ ten i n  terms of an 

asymptotic veloci ty  vector , 
incoming 

(C.24) 

(C .25) 

c- 5 
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Equation (C,26) may now be used t o  evaluate the veloci ty  on the 

incaming asymptote of the planet flyby. 

may now be computed as: 

The incremental veloci ty  maneuver 

(C. 27) 

As the expression fo r  V is not val id  fo r  0 > b ,  veloci ty  vectors 
associated with maneuvers required pr ior  t o  c loses t  approach passage on 

the outbound leg, or a f t e r  c losest  approach passage on the inbound hyperbola, 

w i l l  require a s l i g h t  a l t e r a t ion  in the  computational procedure. 

veloci ty  vectors pr ior  t o  perigee passage would be obtained by ro ta t ing  solutions 

for  posi t ive t rue  anomaly backwards on the t ra jec tory  t o  the corresponding 

negative t rue  anomaly and reversing the direct ion of the veloci ty  vector. 

The converse, i n  terms of t rue  anomaly, holds ' t rue fo r  Equation C,26. 

That is, 

G-6 
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APPENDIX D 

SENSITIVITY COEFFICIENTS 

This appendix contains the derivation of the  appropriate formulae 

f o r  obtaining the sens i t i v i ty  coeff ic ients  (Le., sens i t i v i ty  of point of 
appl icat ion of Av maneuver t o  desired a l t e r a t ion  i n  departure a s m t o t e  
and energy) on a flyby hyperbola. 

and symbols used in the subsequent derivations. 
Figure D-1 defines the flyby geometry 

The sens i t i v i ty  coef f ic ien ts  are generated fo r  the nominal t ra jectory;  

t ha t  is, the  desired departure conditions are assumed t o  be a linear deviation 
of the  hyperbola defined by approach energy 'v 
constraints  (Le.,  c loses t  approach greater  than o r  equal t o  the planet 

radius and the resu l t ing  heliocentric o r b i t  being an "impact" t ra jec tory  

with Earth). 

"grazing" nature, which -lies both energy and asymptote a l te ra t ion ,  o r  a 

flyby a t  some distance from the planet, which implies energy changes only 

a t  departure from the sphere of influence. Pure flyby missions are of the 

.I Larrer -&a. 

and the imposed mission H 

The resu l t ing  nominal t ra jec tory  w i l l  e i t h e r  be one of a 

type except that  they reqtiire no alteratier? =f  the flyby hyperbela. 

In  order t o  fu l ly  assess the importance of the point of application 

of the  thrust-augmented maneuver,. the following analysis  was undertaken. 

The two basic types of maneuvers desired a t  departure from the sphere of 

influence were used t o  define terminal conditions in the l i nea r  analysis. 

The f i r s t  type of preferred maneuver was  ro ta t ion  of the asymptote and the  

second type of preferred maneuver was the a l t e r a t ion  of departure C3 only. 

A A A  

The reference coordinate system chosen f o r  the study was  t he  N,V,W 
A (5 

system shown i n  Figure D-1: 

the  o r b i t a l  angular momentum vector, and 6 completing the orthogonal 

coordinate system. This system was chosen f o r  the resu l t ing  ease of 
descr ipt ion of the desired a l t e r a t ion  i n  terminal conditions. 

V lies along the departure asymptote, W along 
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The nominal departure veloci ty  vector can now be wr i t ten  as: 

I 
' I  VH VH v D. 1 

The incoming veloci ty  vector is defined by a simple ro t a t ion  of  

magnitude -* (see Figure D-1) about the o r b i t a l  angular momentum vector  

W. 
n 

where T* (-$) is mathematical rotat ion f o r  the ro ta t ion  described and W 
is of the  form 

0 

D . 2  

D. 3 

The complete state a t  patch may be defined through the use of D.3 and 

the following expression fo r  the radius vector: 

= Patch radius Patch where r 

I cos-l .& p 
Qhatch 'Patch e and 

A ro t a t ion  of through the angle  20 w i l l  provide the  posi t ion state 

on en t ry  in to  the sphere of  influence. 

D- 3 
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The state a t  entry in to  the sphere of influence is now completely 

defined and serves as the s t a r t i n g  point f o r  the s e n s i t i v i t y  analysis.  

The independent parameter in  the analysis w i l l  be the t rue  anomaly, 9, 
r a t h e r  than time. The s e n s i t i v i t y  coef f ic ien ts  w i l l  be generated as a 

function of  t rue  anomaly where ini t ia l  condition is defined t o  be 

-%atch' 
computed as follows. 

a t  through a sequent ia l  stepping of Q from -$atch t o  (-%atch + N A@), 
where N is the  number of A# increments the  t rue  anomaly has been advanced. 

Each sequent ia l  stepping of AQ, w i l l  def ine the s t a t e  a t  the  terminus 

of  t h a t  A@ increment i n  terms of the known state at  the beginning of t h a t  

A@ increment. That is, the s t a t e  a f t e r  N AQ steppings can be wr i t ten  as: 

As a r e s u l t ,  the  state at  some intermediate point may be 

It is assumed that the present state is arr ived 

D. 6 

D. 7 

- - and vN 1 = V ; the  entry conditions onto the sphere 
P O  

where 

of influence. 

The coef f ic ien ts  in D.6 and D.7 are scalar quan t i t i e s  defined i n  terms - -  
of the  i n i t i a l  conditions (Le., V,R) and the current  value of e. 
derivat ions of these expressions may be obtained from many sources, one of 

which is Reference 60 

The de ta i led  

As the  s e n s i t i v i t y  coef f ic ien ts  and the t r a n s i t i o n  matrix are d i r e c t l y  

r e l a t ed ,  it becomes a necessi ty  t o  know the time in t e rva l  over which the 

t r a n s i t i o n  matrix must be computed. 

of  the  t r a n s i t i o n  matrix is the requirement of elapsed time. 

version of  the program, time between the current  s t a t e  and the departure 

Inherent t o  the method of computation 

In  the ex is t ing  

D-4 
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state is computed v i a  Lambert's Equation. 

The deviation s t a t e  a t  time twl may now be re la ted  t o  the deviation 

s t a t e  a t  time tF as 

D.8 

As it is wished t o  r e l a t e  deviation state a t  time twl t o  a pa r t i cu la r  

deviat ion a t  t h e  tp, equation D.8 must be rewri t ten as: 

D. 9 

Furthermore, it is of a d i s t i n c t  advantage t o  look a t  the s e n s i t i v i t y  

This system is termed the 

Resolving the state into ;,+,e 
A A  a 

coe f f i c i en t s  evaluated in a loca l  N,V,W system. 

fi,G,G system and is defined in Figure D-1. 
coordinates through the  transformation Tn y ie Ids 

s ,  

Equation D.9 may now be wr i t ten  as 

D. 10 

D. 11 

The foward t r ans i t i on  matrix r e su l t s  from in tegra t ion  of the va r i a t iona l  

equations f o r  an inverse square force f i e l d  resolved in an orthogonal coord- 

inate system. For these conditions, a closed form set of solut ions exists. 
However, the inverse t r ans i t i on  matrix f o r  such a s y s t e m  can be shown t o  be 

D- 5 
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44 $ 1  
By defining the matrix T N,V¶W co'l (tF'tWl) s cy, we have t h  

Using D . 1 4  and the constraint equation that 

- 
brwl = 0 

the express ion 

~~ 
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D. 12 

D. 13 

f 0 1 lasing: 

D. 14 

D. 15 

D, 16 

or b+'  = F' 
is obtained. 

Substituting expression D . 1 6  into the expression for 6GWl yields: 

D. 17 

D. 18 
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where 

' 6  D. 19 

However, only the inplane conponents of the  s e n s i t i v i t y  matrix p are of 

d i r e c t  i n t e r e s t  (Le., Bl, B,, B,, P 4 ) .  

The on-orbit s e n s i t i v i t y  t o  energy changes a t  the sphere of influence 

may now be investigated by defining a un i t  e r r o r  i n  the  V direction. 

essence, 

n 

I n  

D. 20 

B4 represents  the s e n s i t i v i t y  of tangent ia l  veloci ty  a t  twl t o  desired 

changes in  tangent ia l  veloci ty  a t  ex i t  from the sphere of influence. 

Likewise, B, represents the sens i t i v i ty  of changes in  the veloci ty  

tangent ia l  t o  6 t o  desired changes in t angent ia l  veloci ty  at  exit fron! the 

sphere of influence. 

I n  a similar manner, the sens i t i v i ty  coef f ic ien ts  r e l a t ing  tangent ia l  

and normal velcoi ty  changes t o  desired changes i n  the  d i rec t ion  of  the  out- 

going asymptote may be written: 

D.21 

Checkout of  the  program necessary f o r  computation of  the required data 
As stated e a r l i e r  in t he  report ,  it is assuming a secondary is proceeding. 

role in the ove ra l l  study. 

invest igat ion is t o  determine t h e  magnification f ac to r  by which the  AV 
However, the  basic  reasoning behind t h i s  

D-7 
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8 
maneuver a t  Venus is in error when it is computed as in the present version 

of the swing-by mission analysis program ( L e * ,  at  the sphere of influence 

on the departure leg of the flyby hyperbola). 

D-8 
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APPENDIX E 

AV CWUTATIONS IN EXISTING PROGRAM 

E.l FLYBY COMPUTATIONS AT THE INTERMEDIATE BODY 

The techniques for rapidly simulating the gravity-assist missions have 
been implemented in a digital computer program. 

Having assigned the launch conditions as to latitude, longitude, 
azimuth and latitude of the parking orbit at the launch body, each choice 
of a launch date, L, and time of flight, T1, determines the conic trajec- 
tory between the first and second body ("first leg"), and yields the hyperbolic 

approach asymptote S1 relative to the second body. The arrival date, 

(L + T,), at the second body becomes the departure date for the conic 
trajectory to the third or target body, ("scond leg"). 
time of flight, T2, for the second leg will determine the necessary hyper- 
bolic departure asymptote, S2, required to satisfy that time of flight to 
the third body. 

4 

The choice of a 

4 

The transition, from the hyperbolic path (relative to the intermediate 
-b 4 d 

body) having asymptotes S1 and Si, to the path with asymptote S2, will 
in general require a corrective velocity change AV at some time during 
the interval of passing the intermediate body. 
gram makes the assumption that this correction is to be made as the probe 
leaves the sphere of influence of the intermediate body. 

-L 

The 3-body computer pro- 

For present purposes, there are no constraints to satisfy as to the 
manner in which the probe passes the intermediate body, except for the 

4 

radius of closest approach, . Hence, the vectors S1 and z2 may be RP 
assumed. to define the plane of the orbit relative to the intermediate 
body. 

4 

The velocity change AV will then have no out-of-plane component. 
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5, For any hyperbolic t ra jectory,  the radius of c losest  approach, 

is re la ted  t o  the half-angle, 6, between the two asymptotes by 

where 

(E 2) = v2 - a = (twice) energy c3 r 

p - cent ra l  gravi ta t ional  constat  

and V and r are the veloci ty  and radius vector magnitudes a t  any point 

along the conic. 

+ 
Let Bo be the half-angle between -S1 

is then 

4 

Rp and S2. The corresponding 

Suppose Rmin is a pre-assigned minimum approach radius fo r  the inter-  

mediate body. I f  Ro 2 RSiiin, no change i n  d i rec t ion  w i l l  be needed as the 

probe leaves the sphere of influence, and A? w i l l  be a change i n  veloci ty  

magnitude only. Let rs be the radius of the  sphere of influence of the 

intermediate body. Then, using Equation (E.2), a t  the sphere of influence 

V p  = {m = required magnitude 
S 

= uncorrected magnitude v1 

I f  Ro, computed by Equation (E.3), is too small, i.e., 

Ro < Rmin* 

E-2 
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then a d i rec t ion  change w i l l  be necessary as the probe leaves the sphere 

The of influence. The probe is allowed t o  pass a t  a radius R 
half-angle between -S1 and the uncorrected departure asymptote is, from 

P Rmin 
4 

Equation (E. 1) , 

The d i rec t ion  must ben changed by the amount 268, where 

A t  the sphere of influence, (Figure E-1) ,  the  magnitude of the 

ve loc i ty  change is then 

I n  the 3-body program, i n  i ts  main mode of application, 1 A v l  is con- 

sidered t o  be a "penalty function", which is t o  be minimized by using 
the second-leg f l i g h t  t h e  T2 as a control  parameter. Variation of T, 

r e s u l t s  i n  a s p a t i a l  var ia t ion  i n  the departure asymptote S,, which i n  
L. 

4 

a. 

turn has a direct  e f f ec t  on the required IA? I . An i t e r a t i v e  procedure * * 
(subroutine FIMIV) is employed t o  find the value T2, with Tmin ,< T2 ,< T-, 

fo r  which I AT1 is a minimum. The 'limits Tmin and T- are program input 

quant i t ies  . 

4 * * T2 is  tha t  value of T2 which minimizes AV. 
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APPENDIX F 

PARAMETRIC DATA ON 1978 OPPO#rUNIT!l 

MARS UUNCH DATE: 2 k r c h  1978 

The following p l o t s  represent data  generated on the 2 March 1978 

Mars launch of an interplanetary swing-by Venus mission f o r  the return 

t o  Earth. The p l o t s  are essent ia l ly  given on two bases: the f i r s t  set of  

data  u t i l i z e s  f l i g h t  time on the f i r s t  l eg  of the mission as the parameter 

f o r  displaying the information, and the  second set of data u t i l i z e s  the 

t o t a l  Xars-Earth t r a n s i t  time a s  the parameter f o r  information display. 

Each set contains per t inent  mission parameters p lo t ted  as a function of 

e i t h e r  Mirs-Venus t r a n s i t  time o r  h r s -Ea r th  t r a n s i t  time (depending 

upon the choice of parametric display var iables)  and asymptotic approach 

ve loc i ty  t o  Earth. 

The contents of each f igure  are self-explanatory. 
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ASE 13 RETURN FROM MARS V I A  VENUS 1978 
ARS LAUNCH DATE---- 02 MARCH, 1978 

PLOTTING SYMBOL DEFINIT IONS 
--- _- _ _  - - ____ 
F A R A Y E I E R  FOR CURVES 

F L l C H l  T I M E  ( M A R S  TO E A R T H 1  i O A Y S 1  

-- _ _ _  
SYYEOL FARAME T E R  VALUE 

0 2 . 4 0 0 O X 1 O t o 2  

X 2 . 4 2 O 0 X 1 O t o 2  

I 2 . 4 6 0 G X 1 0 ' 0 2  

+ 2 . 4 8 0 G X 1 0 t 0 2  

I 2 r 2 0 0 X l n ' 0 2  

U 2 . 5 4 0 0 X 1 0 * 0 2  

0 2 . 5 6 0 0 X 1 0 ' 0 2  

n 2 . 5 8 0 0 X 1 0 ' ~ ~  

C 2 . 6 0 0 0 X 1 0 * 0 2  

V  2 . 6 2 0 0 X 1 0 t G 2  

0 2 . 4 4 O 0 X 1 O t o 2  

2 . 5 0 0 0 X l G * 0 2  

I 2 . 6 4 0 0 X 1 0 ' 0 2  

I 2 .66OOXlOto2 

# 2.6100 X I  0+02 
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CASE 13 RETURN FROM MARS V I A  VENUS 1978 
MARS LAUNCH DATE--- -  02 MARCH. 1978 

PLOTTING SYMBOL DEFIN IT IONS 
.- . - -. - - 

F A R k M E T E R  FOR C U R V E S  

F L I G H T  T I M E  [ M A R S  TO E A R T H 1  I O A Y S )  

- - 
SYMBOL F A R A M E T E R  V A L U E  

8 2 . 7 D D 0 X 1 0 ' 0 2  

PHI LCO. I *--.*- 
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